. These sex differences in immune function are mediated, in part, by the suppressive effects of testosterone on the immune system abstract: Males generally exhibit reduced immune responses and greater susceptibility to disease than females. The suppressive (Alexander and Stimson 1988; Olsen and Kovacs 1996) . effect of testosterone on immune function is hypothesized to be For example, gonadectomized male mice (Mus musculus) one reason why males have lower immune responses than females. mount higher immune responses and show greater resisPresumably, this effect of testosterone should be more pronounced tance to protozoan infections than gonadally intact male among polygynous than monogamous species because circulating mice (Eidinger and Garrett 1972; Kittas and Henry testosterone is higher among polygynous than monogamous 1980). Gonadally intact male reindeer (Rangifer t. taranmales. The present study examined the extent to which sex differdus) show higher incidence of warble fly infestation than ences in specific humoral immunity are related to the endocrine status and mating system of two arvicoline rodents. Humoral im-both females and castrated male reindeer (Folstad et al. voles did. Sex differences were also apparent for anti-KLH IgM responses; male meadow voles mounted higher antibody responses circulating testosterone concentrations may contribute to than conspecific females, whereas female prairie voles mounted sex differences in immune function. greater responses to KLH than did conspecific males. Male
vival at the cost of reducing successful competition for of specific antibody responses without the presence of confounding side effects (e.g., fever; Curtis et al. 1970 ). mates. In essence, males with high testosterone concentrations that do not have compromised immunity are at Production of antibody against a specific antigen is a relevant measure of the underlying immune responses rea selective advantage. The evolutionary bind for males is that they must have a way to advertise this selective ad-lated to resistance or susceptibility to disease.
In both the field and laboratory, prairie voles, Microtus vantage to potential mates (Folstad and Karter 1992; Wedekind and Folstad 1994) . The trade-off between high ochrogaster, have been characterized as socially monogamous (Getz et al. 1981 ) and meadow voles, Microtus penand low circulating testosterone concentrations is further complicated by males of polygynous species having nsylvanicus, have been characterized as polygynous (Madison 1980) . A comparative analysis of morphologihigher circulating testosterone concentrations and increased incidence of competition for mates than males of cal, physiological, and behavioral data from field studies of arvicoline rodents suggests that prairie voles are one of monogamous species (Wingfield 1994; Klein and Nelson 1997) .
the most monogamous species and meadow voles are the most polygynous species of the eight Microtus species exMale reproductive success is often achieved through intense competition and aggressive encounters with other amined (Dewsbury 1981) . Despite representing extremes of social organization for rodents, these Microtus species males among polygynous species (Andersson 1994) . This strategy varies considerably from the strategies employed are very similar in terms of overall habitat use and gross morphology (Dewsbury 1990) . Consequently, these speby females of polygynous species (Trivers 1972) . Among monogamous species, the strategies used to attain repro-cies are an ideal model system for an initial examination of the role of mating system in endocrine-immune interductive success are similar between the sexes, in which reproductively successful monogamous males often pro-actions.
Several predictions about species and sex differences in vide high-quality parental care, a trait that is probably not testosterone-dependent (Dixson and George 1982; immune function emerge from Hamilton and Zuk's hypotheses (Hamilton and Zuk 1982; Zuk 1990 Zuk , 1994 ). Gubernick and Nelson 1989) . Because polygynous males often rely more heavily on testosterone-dependent traits Depending on the level of analysis, there are two conflicting predictions regarding species differences in imfor reproductive success than monogamous males do, it has been hypothesized that sex differences in immune mune function: based on ultimate explanations, polygynous species should have higher immune responses than function have evolved to be increased among polygynous species compared with monogamous species (Zuk 1990 , monogamous species because polygynous males that advertise high immune function via secondary sex traits 1994).
Although some studies have examined the relationship should acquire more matings, possibly increasing population-level resistance, or from a proximate perspective, between testosterone and immunity in an ecological context, most have used indirect measures of both androgens polygynous species should have compromised immune responses relative to monogamous species because polyg-(e.g., antler development or feather coloration) and immune function (e.g., parasite load). The purpose of this ynous males have higher circulating testosterone concentrations and rely more heavily on testosterone-dependent study is to examine the extent to which immunological differences between the sexes are linked to the mating traits for reproductive success than monogamous males.
These predictions follow directly from the prevailing system and endocrine status of arvicoline rodents by using direct measures of both steroid hormones and im-hypotheses about variation in immune function (Alexander and Stimson 1988; Zuk 1990; Read 1991 ; Olsen and mune function. These direct measures allow for the assessment of short-term changes that may not affect the Kovacs 1996; Zuk and McKean 1996) . Sex differences in immune function were hypothesized to be exaggerated in condition of stable secondary sex characters but may have profound implications on day-to-day disease sus-polygynous as compared with monogamous species because variation in male and female reproductive success ceptibility. In the present study, two related species of Microtus were immunologically challenged with the novel is greater among polygynous than monogamous species (Zuk 1990 (Zuk , 1994 . Males were hypothesized to have com-T-cell dependent antigen keyhole limpet hemocyanin (KLH) and subsequent humoral immune responses were promised immune function as compared with female conspecifics because androgens suppress and estrogens assessed. Keyhole limpet hemocyanin was used because it is a highly immunogenic, harmless substance to which enhance immune function (Alexander and Stimson 1988; Olsen and Kovacs 1996; Zuk and McKean 1996) . most rodents have not been previously exposed (Dixon et al. 1966 ). In addition, unlike viruses or bacteria, KLH
The physiological mechanisms underlying both species and sex differences in immune function among arvicodoes not induce illness; therefore, it allows for assessment line rodents are unspecified. Testosterone, as measured Procedure both by circulating concentrations and by reproductive All animals were weaned at 21 d of age and housed with organ mass, was hypothesized to be higher among polyg-same-sex siblings until the start of the experiment. All ynous males than among monogamous males because se-animals were given 1 wk to acclimate to individual houslection for elevated testosterone concentrations should be ing conditions. Following the acclimation period, each more intense among polygynous males. Sex and species animal received a single subcutaneous injection of KLH differences in circulating corticosterone concentrations (Calbiochem; 150 µg suspended in 0.1 mL sterile 0.9% were also assessed because elevation of circulating corti-saline). Blood samples were then collected from each anicosterone is a good index of stress among many species mal on days 5, 10, and 15 postimmunization by brief an- (Sapolsky 1992 ). Exposure to stressors and subsequent el-esthesia with methoxyflurane vapors (Metofane, Malevation of corticosterone during the mating season can linckrodt Veterinary, Mundelein, Ill.). Blood samples vary between species and sexes depending on the strate-were obtained from the retro-orbital sinus, allowed to gies employed for reproductive success (Zuk 1990 ). This clot, and centrifuged at 2,000 rpm for 30 min. The entire study is novel because it utilized direct measures of im-blood sampling procedure takes Ͻ1.5 min to complete. mune function (i.e., production of specific antibody by Serum was removed and stored at Ϫ80°C for later analyimmune cells), not indirect assessments (e.g., parasite sis of anti-KLH IgM and IgG concentrations using the load, nonspecific antibody production, number of circu-enzyme-linked immunosorbent assay (ELISA) procedure lating immune cells, and size of immune organs) that described below and serum corticosterone concentrations have previously been used (Zuk et al. 1995; Møller et al. by radioimmunoassay (RIA) . Following bleeding on ex-1996; Saino and Møller 1996); assessment of immune perimental day 15, all animals were killed, and the testes, function was conducted in a standardized environment seminal vesicles, epididymides, epididymal fat, and spleen devoid of parasites, disease, or any other external factors were dissected from males, and the ovaries, uterus, ovarthat could influence responsiveness of the immune sys-ian fat, and spleen were dissected from females. All ortem; and it presents a simple technique for examining gans were weighed. Additional male prairie voles (n ϭ 6) specific antibody production that could be adapted easily and male meadow voles (n ϭ 8) were immunized with to field studies.
KLH and bled on days 5, 10, and 15 postimmunization, and their serum samples were used to assess changes in Methods testosterone concentrations following exposure to KLH, by RIA. Serum testosterone concentrations and humoral Animals immune responses to KLH were not assessed in the same Sexually mature (Ͼ60 d of age) male (n ϭ 8) and female animals because of the limited amount of serum ob-(n ϭ 10) prairie voles (Microtus ochrogaster) and male tained from individual animals on each sampling day. (n ϭ 7) and female (n ϭ 7) meadow voles (Microtus Yoking animals was the best way to assess both physiopennsylvanicus) were obtained from our breeding colo-logical parameters in duplicate, within the respective nies. The prairie vole breeding colony was established assays. with animals trapped near Champaign, Illinois. The meadow vole breeding colony was established with animals obtained from a breeding colony at the University Enzyme-Linked Immunosorbent Assay. Microtiter plates were coated with antigen by overnight incubation at 4°C of Michigan, originally derived from a colony of animals from northwestern Pennsylvania and Michigan. All ani-with 0.5 mg/mL KLH in sodium bicarbonate buffer, washed with phosphate buffered saline containing 0.05% mals were individually housed in polycarbonate cages (28 ϫ 17 ϫ 12 cm) with food (Agway ProLab 2000) and Tween 20 (PBS-T), blocked with 5% nonfat dry milk in PBS-T overnight at 4°C, and washed again with PBS-T. water available ad lib. Animals were maintained under a 16 : 8 h light : dark cycle (lights on from 0600 to 2200 Thawed sera samples from prairie voles and meadow voles were diluted 1:40, 1:80, 1:160, and 1:320 with hours) with an ambient temperature of 20°Ϯ 2°C and relative humidity of 50% Ϯ 5%. Sentinel animals were PBS-T, and 150 µL of each serum dilution were added in duplicate to the wells of the antigen-coated plates. Posihoused in each colony room and screened regularly for the presence of common rodent diseases arising from tive control samples (pooled sera from voles previously determined to have high levels of anti-KLH antibody, parasitic, viral, bacterial, and fungal origins. Serological assessment revealed that all sentinel animals tested nega-similarly diluted with PBS-T) and negative control samples (pooled sera from KLH-naive voles, similarly diluted tive for the presence of any infection, indicating that our vole colonies are devoid of any existing disease.
with PBS-T) were also added in duplicate to each plate, and plates were sealed, incubated at 37°C for 3 h, and then washed with PBS-T. Secondary antibody (Cappel, Durham, N.C.: alkaline phosphatase-conjugated antimouse IgM diluted 1:500 or anti-mouse IgG diluted 1: 500 for prairie and meadow voles with PBS-T) was then added to the wells, and plates were sealed and incubated (1.5 h for IgM and 1 h for IgG) at 37°C. Plates were again washed with PBS-T and 150 µL of the enzyme substrate p-Nitrophenyl phosphate (Sigma Chemical Co.; 1 mg/mL in diethanolamine substrate buffer) was added to each well. Plates were protected from light during the enzyme-substrate reaction, which was terminated after 15 min for IgG and 20 min for IgM by adding 50 µL of 1.5 M NaOH to each well. The optical density (OD) of each well was determined using a plate reader equipped with a 405 nm wavelength filter, and the average OD for each set of duplicate wells was calculated. To minimize intraand interplate variability, the average OD for each sample was expressed as a percentage of its plate positive control OD for statistical analyses (de Savigny and Voller 1980). Biomedicals, Carson, Calif.) that had previously been val-plate positive, in which the mean of each sample was divided idated for use in voles (Taymans et al. 1997) . The only by the positive control sample (of the same dilution) run on the deviation from the manufacturer's protocol was the dilu-same microtiter plate. tion factor for the blood. The blood samples in both species were diluted 1: 2,121 in assay buffer. Samples were assayed in duplicate, and the standard curve was assayed method for pairwise multiple comparisons. In all analyin triplicate. All blood samples were measured in the ses, differences were considered statistically significant if same assay, and the intra-assay coefficient of variation P Ͻ .05. was Ͻ4%. Blood serum testosterone concentrations in males were assayed by RIA using 125 I kits purchased from Results ICN Biochemicals. The testosterone assay is highly specific; cross-reactions with other steroids are Ͻ0.1%. TesAnti-KLH IgM Responses tosterone values were determined in a single RIA and the Meadow voles mounted higher anti-KLH IgM responses intra-assay coefficient of variation was Ͻ4.4%.
than did prairie voles (F ϭ 44.921, df ϭ 1, 25, P Ͻ .05; fig. 1 ). This species difference was consistent throughout Statistical Analyses the 2-wk antibody response. Sex differences were related to the species, in which male meadow voles exhibited Anti-KLH IgM and IgG responses and serum corticostehigher anti-KLH IgM responses than female meadow rone concentrations for each species were separately anavoles, whereas female prairie voles mounted higher relyzed using mixed ANOVAs with two between-subjects sponses than conspecific males (F ϭ 4.841, df ϭ 1, 25, P variables (i.e., sex and species) and one within-subjects Ͻ .05; fig. 1 ). Antibody levels decreased systematically variable (i.e., days postimmunization). Testosterone confrom day 5 to day 15 postimmunization (F ϭ 135.654, df centrations were assessed using a mixed ANOVA with ϭ 2, 50, P Ͻ .05). one between-subjects variable (i.e., species) and one within-subjects variable (i.e., days). Reproductive organ mass (absolute and relative) were analyzed for each sex Anti-KLH IgG Responses with a two-tail t-test. Body mass and splenic mass were analyzed using an ANOVA with two between-subjects Meadow voles also exhibited higher anti-KLH IgG responses than prairie voles, with differences becoming variables (i.e., sex and species). Significant interactions were further analyzed using the Student-Newman-Keuls most apparent 15 d following immunization (F ϭ 13.681, df ϭ 2, 50, P Ͻ .05; fig. 2 ). No sex differences in IgG responses to KLH were observed among either meadow or prairie voles (P Ͼ .05). Antibody levels increased systematically from day 5 to day 15 postimmunization (F ϭ 135.654, df ϭ 2, 50, P Ͻ .05).
Steroid Hormone Concentrations
Both female meadow and prairie voles had higher corticosterone concentrations than conspecific males 5 and 10 d following immunization; however, 15-d postimmunization, the sex difference in circulating corticosterone was only evident among meadow voles (F ϭ 12.24, df ϭ 1, 24, P Ͻ .05; fig. 3 ). Overall, prairie voles had higher corticosterone concentrations than meadow voles (F ϭ 18.91, df ϭ 1, 24, P Ͻ .05; fig. 3 ). Male meadow voles had significantly higher serum testosterone concentrations than male prairie voles on all sampling days (F ϭ 116.403, df ϭ 1, 11, P Ͻ .05; fig. 4 ). No changes in circulating testosterone concentrations were observed across sampling days for either male meadow voles or male prairie voles (P Ͼ .05). Sex differences in body mass were evident among (*) indicates that male prairie voles had significantly lower tesmeadow voles but not among prairie voles, in which tosterone concentrations than male meadow voles on the same sampling day (P Ͻ .05). male meadow voles weighed significantly more than con- gain more matings than parasitized males, possibly inNote: All significant differences for absolute (g) mass were also sig-creasing resistance to parasites in the population (Read nificant for relative (mg/g) mass.
1991). The results from the present study support this * Significantly greater body mass than female conspecifics.
hypothesis, suggesting that disease prevalence is reduced † Significantly greater mass as compared with prairie voles. among individuals of polygynous species because their immune responses are higher than those of monogamous specific females (F ϭ 20.6, df ϭ 1, 30, P Ͻ .05; table 1). species. No significant differences in either absolute or relative Sex differences in humoral immune responses were splenic mass were observed between either species or observed among both prairie voles and meadow voles. sexes (P Ͼ .05). Female prairie voles and female meadow Specifically, male meadow voles mounted higher IgM revoles did not differ with regard to reproductive organ sponses to KLH than conspecific females, and female mass (P Ͼ .05 in each case; table 1). Male meadow voles prairie voles produced higher anti-KLH IgM responses had greater relative and absolute testes, seminal vesicle, than their male counterparts. Sex differences in immune and epididymides mass than male prairie voles (P Ͻ .05 function were hypothesized to be more pronounced in each case; table 1).
among polygynous than monogamous species, and if sex differences were observed, we hypothesized that males would have lower immune responses than females. ConDiscussion trary to our hypotheses, sex differences in immune function were observed among both arvicoline species, and The effects of hormones on sex and species differences in immune function were related to the mating system in male meadow voles displayed higher immune responses than conspecific females. Similar species-specific sex difthe present study. Specific humoral immunity, that is, the activation of B-cells to secrete antibodies into circulation, ferences have also been observed for cell-mediated immunity . If the sex that experiences was assessed. The responses measured in this study are specific because the immune cells involved possess recep-greater selection pressure for reproductive success is the sex that exhibits higher immune responses, then male tors (i.e., the antibody molecules) that are genetically organized to recognize and respond to KLH only. This type meadow voles and female prairie voles may experience more intense selection pressure than their opposite sex of immune response is adaptive in that the recognition and elimination of an antigen, like KLH, improves upon counterparts. Alternatively, within each species, the sex with lower immune responses (i.e., female meadow voles subsequent reexposure; this improvement ultimately leads to resistance against infection and disease.
and male prairie voles) may possess higher innate immunity, thereby reducing the necessity for mounting high We observed that in response to KLH both male and female meadow voles mounted higher antibody re-adaptive immune responses in order to overcome a pathogen (Zuk 1994) . In sum, these data in rodents do sponses than male and female prairie voles. In terms of species differences in immune function we initially hy-not support current hypotheses suggesting that sex differences in immune function should be greater among pothesized that if polygynous species had higher immune responses than monogamous ones, then this would sup-polygynous than monogamous species (Zuk 1990 (Zuk , 1994 . port an ultimate explanation for species differences; how-The hormonal mechanisms mediating these sex and adrenal activity; in other words, exposure to antigenic challenge was perceived as a stressor. The notion that imspecies differences in immune function are not fully explained by either circulating testosterone or corticoste-munologically overcoming infection or disease is stressful has been examined in great detail elsewhere (Sapolsky rone concentrations. Although testosterone is generally considered immunosuppressive, some studies suggest 1992; Zuk and McKean 1996) .
Although these data indicate that the mating system that high circulating testosterone can increase resistance to infection (e.g., Schistosoma mansoni; Eloi-Santos et al. may influence endocrine-immune interactions, factors other than the mating system may also influence im-1992; Nakazawa et al. 1997) . In the present study, male meadow voles had higher circulating testosterone con-mune function. For example, extrinsic factors such as diet, habitat, social behavior, and taxon may all influence centrations and heavier reproductive organ mass than male prairie voles yet had higher immune responses. Fe-the expression of sex and species differences in immune function. However, most of these variables appear to be male meadow voles also had elevated immune responses relative to both sexes of prairie voles, suggesting that tes-unrelated to the sex and species differences in humoral immunity observed in our laboratory study of Microtus tosterone may not be involved in the observed sex and species differences in humoral immunity. Alternatively, species. Dietary differences are minimal between prairie voles and meadow voles, with both primarily consuming circulating testosterone concentrations may not be the critical mechanism by which testosterone affects sex and grasses and their associated plant compounds (Batzli 1985) . However, prairie voles consume more arthropods species differences in immune function. Generally, the effects of hormones depend not only on circulating con-than meadow voles, which could serve as an intermediate host for some parasites (Batzli 1985) . If this factor medicentrations but also on the availability and affinity of target-tissue hormone receptors. Polygynous males have ated species difference in humoral immunity we would expect prairie voles to have higher immune responses fewer androgen receptors on immune target tissue than monogamous males, thereby reducing the overall effects than meadow voles. The habitats of these two vole species are similar; prairie voles are generally located in dry of testosterone on immune function.
The ability to deal with stressors and subsequent adre-grasslands and meadow voles in wet grasslands. These two Microtus species are sympatric and often inhabit the nal activation may influence the expression of sex and species differences in humoral immunity. Generally, high same grass sites (Getz 1985) ; thus, habitat differences probably do not explain the observed species differences circulating corticosterone suppresses humoral immune responses in rodents (Bateman et al. 1989) . We initially in immune function. Home range size is another factor that can influence differential exposure and subsequent hypothesized that because males are exposed to stressors associated with competition for mates and because expo-immune responses to pathogens. Meadow vole males have larger home ranges during the breeding season than sure to these stressors presumably increases with the degree of polygyny, adrenal activity should be elevated in female meadow voles and both sexes of prairie voles.
There is no apparent sex difference in home range size males as compared with females, with this sex difference being more pronounced among polygynous meadow during the breeding season in prairie voles, and there are no sex or species differences in home range size during voles than monogamous prairie voles. In contrast to this hypothesis, laboratory studies in rodents have demon-nonbreeding seasons (Gaulin and Fitzgerald 1989) . The extensive home range size of male meadow voles during strated that basal corticosterone concentrations are higher among females and rise more rapidly in females the breeding season could increase exposure to pathogens, thereby facilitating a necessity for the more robust than males following exposure to stressors (Kitay 1961) . In the present study, female meadow voles and prairie immune responses observed in these males. However, if differential home range size mediated immune responvoles had higher corticosterone concentrations than their male counterparts, and prairie voles had higher cortico-siveness, then male and female prairie voles should have equivalent immune responses; in the present study, festerone concentrations and lower humoral immune responses than meadow voles. Contrary to current hypoth-male prairie voles had higher immune responses than male conspecifics. These two vole species show similar eses (Zuk 1990; Andersson 1994) , corticosterone concentrations were not higher among males than fe-nonsocial behaviors (e.g., runway construction, nest building, grooming); however, differences in their social males and were actually the lowest among polygynous males. Corticosterone concentrations in the present study behaviors (e.g., mating strategies) may contribute to the observed sex and species differences in immune function were considerably higher than those previously reported for unmanipulated voles (Carter et al. 1995; Klein et al. (Wolff 1985) . Accordingly, social factors can influence endocrine-immune interactions in these Microtus species 1996, 1997; Taymans et al. 1997) . We hypothesize that, in the present study, activation of the immune system by .
In order to assess fully the role of the mating system exposure to an antigen may have resulted in subsequent in sex and species differences in immune function, (Folstad et al. 1989; Zuk et al. 1995 
